Background: The aim of the study was to elaborate a predictive model for the duration of chemotherapy-induced neutropenia (CIN) allowing the identification of patients with a higher risk of complications, especially complicated febrile neutropenia, who might benefit from preventive measures.
that all the patients suffering from it will not have an identical outcome in terms of morbidity and mortality. As a result, various decision-making models have been established for the management of patients at the onset of FN. Moreover, colony-stimulating factors (CSF) have been evaluated in decision-making models to reduce the risk of FN; the use of CSF has been codified on the basis of large clinical trials [3] . Neutropenia duration would be very important in assessing the risk at the onset of a febrile neutropenic episode; however, it is impossible to integrate this duration in a risk-prediction model because it is, a priori, unknown and presently unpredictable when febrile neutropenia occurs.
For this reason, the MASCC (Multinational Association of Supportive Care in Cancer) Study Section for Infectious Diseases is currently conducting a muticentric survey of febrile neutropenia in order to develop a multivariate prediction model for further neutropenia duration using data on chemotherapy regimen as well as data on underlying cancer and patient's characteristics. The final aim is to improve our ability to predict the development of a serious medical complication following a febrile neutropenic episode.
When this survey was designed, it was already clear that the type of chemotherapy regimen should be one of the major determinants for the risk of neutropenia and for its severity and duration. Indeed, in a multivariate analysis, the chemotherapy schedule was considered as being a significant predictor for the reduction of dose intensity, in association with age ‡65 and body surface area >2 m 2 [4] . However, we are not aware of any validated tool for categorizing chemotherapy regimens according to their toxicity on the neutrophil count. Therefore, we tested a way of classifying the effect on neutrophils of chemotherapy regimens, on a subgroup of episodes registered in one of the participating institutions (Institut Jules Bordet), with the aim of using it for the analysis of the overall MASCC observational study [5, 6] .
The objective of the present analysis was to study the univariate association between a score allocated to each chemotherapy regimen and the duration of CIN. To our knowledge, no study has attempted to derive such an association. Only a few trials have been conducted in the past for the elaboration of clinical models using characteristics of patients and chemotherapy for the prediction of FN after chemotherapy administration [7] [8] [9] [10] [11] [12] .
patients and methods
Our analysis was done using a subgroup of patients included in the MASCC survey for whom the eligibility criteria were as follows: (1) diagnosis of malignancy; (2) over the age of 16 years; (3) fever defined as an oral temperature above 38°C with a presumed infection in the absence of other non-infectious causes of fever such as blood transfusion; (4) neutropenic (granulocyte count <500/mm 3 including polymorphonuclear leucocytes and bands) with non-chronic neutropenia induced by recent chemotherapy administration; and finally, (5) treatment with an appropriate initial empirical antibiotic regimen (acceptable regimens include: an antipseudomonal b-lactam in combination with an aminoglycoside; two b-lactams in combination or monotherapy with a third generation cephalosporin, piperacillin/tazobactam or a carbapenem). The primary objective of the survey was to integrate an estimation of further neutropenia duration in a model for predicting the occurrence of serious medical complication. We therefore selected patients included in the multicentric survey by our institution, in order to retrospectively collect data on hematological counts since the beginning of chemotherapy administration and not only since the onset of febrile neutropenia. We excluded patients with hematological malignancy, in order to focus on tumors that are not themselves inducing neutropenia, and those without a full description of the chemotherapy regimen (including doses) and/or availability of hematological counts for assessing the total neutropenic duration. Patients included in the present analysis were registered in the survey between April 1998 and March 2002.
We allocated a score for chemotherapy aggressiveness, ranging from 0 to 4, which was supposed to reflect the expected severity of neutropenia induced by each cytotoxic agent (score 0, no neutropenia; score 1, mild neutropenia; score 2, moderate neutropenia; score 3, intermediate neutropenia; score 4, severe neutropenia). This score for individual agents is shown in Table 1 and was constructed using data on single drug therapy. We also tried to translate the degree of neutropenia into duration of CIN. High doses of cytotoxic agents were defined as proposed by Blay et al. [7] : doxorubicin >90 mg/m When the dose had an impact on the score, we used the actual dose and not the planned dose.
For combining the scores attributed to each individual cytotoxic drug and to have a global classification score of a regimen, we tested three models: score S1, maximum of the individual scores; score S2, addition of the individual scores; score S3, addition of individual scores completed by interaction terms (weighted products of two individual scores) (Tables 2-4).
The end point of the analysis was the total duration of neutropenia following chemotherapy administration. The beginning of neutropenia duration was defined as the first day with the documentation of an absolute /l (all the patients included had grade 4 neutropenia as they developed a febrile neutropenic episode). Recovery from neutropenia was defined using three different thresholds: ANC ‡0.5 · 10 9 /l, ANC ‡1.0 · 10 9 /l and ANC ‡2.0 · 10 9 /l. All available blood counts were taken into account for calculating the observed neutropenia duration. The main objective of our analysis was to test a potential association between the chemotherapy global classification score and the duration of CIN.
statistical considerations
We used non-parametric Kaplan-Meier analysis in order to estimate the time to neutropenia recovery, as well as the Cox regression model. In order to have a simple and easy to use categorization of the chemotherapy regimens, we chose to test first a three-level classification (expected short, intermediate and long duration of neutropenia). These three scores were categorized without looking at CIN duration but only by looking at the distributions of the scores in order to have groups of meaningful size. Comparing the Kaplan-Meier estimates using log-rank tests assessed the impact of the categorized chemotherapy aggressiveness scores. The impact of the original scores was assessed using Cox regression models. All reported significance probabilities are two-tailed. Multiple tests were done and we were aware of an increase of the probability of a false result. This methodology is justified because our analysis was aimed at generating a classification of a chemotherapy regimen that will be tested further on the overall study database. For this reason, as well as for sample size reasons, we did not attempt to conduct multivariate analysis although we looked at the association between the chemotherapy score and possible confounding factors such as underlying disease, treatment setting and administration of growth factors.
results
Two hundred and five patients, registered in the MASCC survey were eligible for the present analysis but two were excluded because there was a lack of data about the chemotherapy regimens. Moreover, 26 of these patients presented a subsequent episode of FN that was not considered for our analysis. Among the 203 analyzed patients there were 57 men (28%) and 146 women (72%). The median age was 55 years, with a range of 18-83 years. The majority of underlying tumors were breast (49.3%) and lung cancer (20.2%). Table 5 summarizes the principal characteristics of the population. The chemotherapy treatment was adjuvant in 73 patients (36%), first-line for advanced disease in 62 patients (31%) and second-line in 57 patients (28%). Eleven patients (5%) received their chemotherapy in association with autologous bone marrow transplantation. Fifty-four patients (27%) were treated with a monotherapy, while 79 (39%) received a combination of two drugs, 63 (31%) received a tri-therapy and seven patients (3%) received a combination of four anticancer drugs. Fourteen patients (7%) had a previous history of Hematological recovery to ANC ‡0.5 · 10 9 /l was observed in 195 patients (96%). Among the eight patients (4%) for whom recovery from neutropenia was not documented, six patients died without recovering from grade 4 neutropenia and two patients were lost to follow-up. Hematological recovery to ANC ‡1.0 · 10 9 /l and ‡2.0 · 10 9 /l was documented in 163 (80%) and 75 patients (37%), respectively. This absence of documentation is mainly due to an early discharge from hospital, without further blood sampling available for differential counts assessment.
The median time to recovery was 5 days for ANC ‡0.5 · 10 9 /l; 25% of the patients recovered after 3 days and 25% had not recovered after 7 days. When we considered the level of ANC ‡1.0 · 10 9 /l, the median duration of neutropenia was 6 days; 25% of patients recovered after 4 days and 25% remained neutropenic (£1000 · 10 9 /l) after 7 days. Finally, the median time to recovery for ANC ‡2.0 · 10 9 /l was 9 days (25% of the patients recovered after 6 days and 25% after 15 days or more).
The original three scores were redefined using three categories, described as follows: S1, £2 versus 3 versus 4; S2, <5 versus 5-7 versus >7; S3, £4 versus 5-10 versus >10.
impact of S1 on neutropenia duration
No impact of S1 was observed, whichever time to recovery was considered. For hematological recuperation with an ANC ‡0.5 · 10 9 /l, the median durations of neutropenia were not different in the three groups considered. In the category with the lowest score and the shortest expected duration (score £2), the median duration for recovery was 5 days, whereas the respective medians were 4 days and 5 days for the groups having a higher score (3 or 4) (P = 0.64). Looking at recovery above 1.0 · 10 9 /l, the same figures were 7, 7 and 6 days (P = 0.28) and 7, 8 and 10 days for the last definition of recovery (P = 0.34). Treating S1 as a continuous variable did not allow the identification of any predictive value to the score.
impact of S2 on neutropenia duration
Borderline significance levels were reached for each of the three outcomes: median durations were 5, 4 and 6 days for reaching an ANC ‡0.5 · 10 9 /l (P = 0.06); 6, 6 and 8 days for obtaining a count ‡1.0 · 10 9 /l (P = 0.04); 8, 9 and 10 days were required for a count above 2.0 · 10 9 /l (P = 0.04). A categorization with three classes did not appear to be discriminant enough for the first two levels and led us to consider a binary evaluation using a threshold at 7. Estimates of neutropenia duration were 4 versus 6 days (P = 0.03) (Figure 1 ), 6 versus 8 days (P = 0.01) (Figure 2) , respectively, for a score <8 (n = 169) and a score ‡8 (n = 34) and for thresholds for recovery set at 0.5 · 10 9 /l and 1.0 · 10 9 /l. The analysis for ANC ‡2.0 · 10 9 /l level led to median durations of 9 versus 10 days (P = 0.02) but cannot be considered as reliable due to the small number of complete observations in the group with the high score (26 out of 34 observations were censored).
Treating S2 as a continuous variable did not lead to improved significance of the score.
impact of S3 on neutropenia duration
As for S2, the association between S3 and neutropenia duration was of borderline significance for each of the three outcomes: for the threshold at 0.5 · 10 9 /l, medians were 5 versus 4 versus 7 days (P = 0.08), 5 versus 6 versus 8 days (P = 0.05) and 8 versus 9 versus 10 days (P = 0.07). Results were similar to those obtained with S2. We therefore preferred to choose S2 as the best way to classify the chemotherapy regimens because of easier calculation (Table 6 ). Treating S3 as a continuous variable did not lead to improved significance of the score.
Finally, an analysis of various factors that could be considered as confounding with the neutropenic score was also realised, although the purpose of the present analysis was not to develop original article Annals of Oncology a predictive model of neutropenia duration. As far as the underlying tumour is concerned, a score >7 was more frequent among patients with lung cancer (32%), compared with breast (9%) and the other types of tumor (19%) (P = 0.04). The presence of bone metastases was not associated with a significant difference; there was a high score in 15% of the patients in both groups (with and without bone metastases; P = 1.00). Concomitant radiotherapy (RT) had no significant impact with 18% of high scores in the absence of RT versus 8% for the patients receiving concomitant RT (P = 0.38).
Regarding the treatment setting, a statistical significant association was established. High scores were identified in 11% of the adjuvant treatments, in 24% of advanced diseases (first line), in 9% of second-line treatment and in 55% in the case of high-dose treatment with autologous BMT (P < 0.001). For the administration of colony stimulating factors (CSF), we found a high score in 14% of patients in the absence of CSF and 27% in the presence of CSF administration (P = 0.09). Finally, documented infection did not appear to be a confounding factor in our analysis (P = 0.67).
discussion
Myelosuppression is a major dose-limiting toxicity associated with cancer chemotherapy. The type of chemotherapy agents, the dosage and number of drugs are clearly related to the risk of neutropenia and infections [1] . Neutropenia is the most common cause of chemotherapy dose reduction and delay. Reduction of standard dose intensity has been shown to increase the risk of disease recurrence and death among patients treated for potentially curable malignancies, such as early-stage breast cancer and non-Hodgkin's lymphoma [13, 14] . Despite its clinical importance as a major side-effect of chemotherapy, neutropenia is often under-reported in various clinical trials. Many investigators still report myelotoxicity in terms of leucopenia rather than neutropenia, and blood counts are often not taken enough, especially in outpatients [4] . This may be the cause of difficulty in assessing, with accuracy, the neutropenia-related infection risk in many patients, and the reason for the possible underestimation of grade 4 neutropenia.
Crawford et al. [15] found that 96% of the 102 patients with small-cell lung cancer, treated with higher doses of CAE (cyclophosphamide, doxorubicin and etoposide) experienced grade 4 neutropenia. Blay et al. [7] reported an overall incidence of grade 4 neutropenia in 51% of patients treated for lymphoma and solid tissue malignancies.
In current practice, the incidence of febrile neutropenia (FN) with standard chemotherapy regimens rarely exceeds 25%. It is associated with a significant mortality rate, ranging from 9% in solid tumors and lymphoma to 14% in patients treated for hematological malignancies. Moreover, the morbidity and economic costs associated with FN are substantial [2] .
All patients who are treated with chemotherapy are at risk of developing FN and complicated febrile neutropenia. It appears very important for clinicians to identify, based on predictive models, patients at the greatest risk of complications and those who might benefit from preventive measures such as CSF administration [5, 16] . Risk-stratification prediction models, identifying specific patient populations at increased risk of neutropenia, have been developed. A number of independent risk factors, including first-cycle ANC levels or more advanced age, have been identified and may facilitate effective targeting of prophylactic G-CSF to the patients at greatest risk of severe neutropenia [7] [8] [9] [10] [11] . Once febrile neutropenia has been developed, one of the validated models for predicting complications in an adult patient population is that developed by MASCC (Multinational Association of Supportive Care in Cancer) [17, 18] but it does not take into account the duration or the severity of CIN, because of its inaccessibility at the time of the therapeutic decision. The objective of the current, ongoing second survey of febrile neutropenia by MASCC is to incorporate an estimate of further neutropenia duration into the risk-prediction model.
Our main objective in this retrospective analysis was to look at the association between the duration of CIN and chemotherapy by taking into consideration only specific regimen-risk factors. As described earlier, the severity of CIN is directly related to the type and doses of the cytotoxic agent administered. Other significant co-factors include age, performance status, stage of the disease and number of previous chemotherapy-lines of treatment. In trying to confirm our hypothesis, we conducted the retrospective analysis presented here, to identify a potential correlation between the degree of chemotherapy-aggressivity and the duration of CIN.
We started with a simple score for each individual drug, ranging from 0 to 4; each score being attributed to a considered cytotoxic drug and its potential degree of neutropenia (score 0, no CIN; 1, mild; 2, intermediate; 3, moderate and score 4; high degree of CIN). This initial classification was based on general data of CIN emerging from the literature, even if there is Annals of Oncology original article a lack of consistency and homogeneity in the data reported in various clinical trials. This methodology leads, in our opinion, to a widely applicable method of classification, and is not specific to particular chemotherapy regimens. In the case of the use of new drugs into a combination, it would be possible to apply the method just by providing a score for the individual new drugs. True duration of neutropenia is a continuous outcome; however, for the ease of use of a patient's classification, we decided to develop a discrete categorization. Our first aim was to develop three categories, in order to make possible the classification of a chemotherapy regimen when only considering its neutropenic impact.
Our initial choice to consider three groups from the initial scores was arbitrary but it theoretically provided more accurate information than a binary classification. The attribution of the various level scores for each variable (S1, S2 and S3) was done in a way to obtain three equivalent groups without previous analysis of neutropenia duration, so our results could remain easily reproducible. However, our initial results were disappointing; the two first categories being identical in terms of CIN. Therefore, we based our further analysis on a binary categorization. We chose the score S2, because it was easier to determine and also, because the score S3 did not add any statistical significant advantage over S2. This may be due to the sample size not being large enough or to a lack of accuracy in our measurement of neutropenia duration. The decision to use a two-category classification rather than three groups deserves further investigation. S1 was even simpler but it has no predictive value on CIN, as the combination appeared logically to have a cumulative impact on neutropenia duration and severity.
Due to its design with registration of patients who had all developed grade 4 neutropenia, our study did not allow for the estimation of neutropenia incidence but was completely dedicated to total neutropenia duration in association with the chemotherapy regimen that was administered. This means that our study results cannot necessarily be generalized to a population of patients undergoing chemotherapy but not developing fever. We should stress that our end point may lack accurate assessment, especially before fever development. Indeed, the documentation of onset of neutropenia often coincided with the diagnosis of fever in 150 patients (74%). Lack of documentation at the onset of neutropenia was more frequent in non-hospitalized patients compared with the inpatient situation (87% versus 44%, respectively; P < 0.001). Documentation of recovery at a threshold of 0.5 · 10 9 /l was not a problem as the patients were followed-up closely because of the febrile neutropenic episode, but was more difficult when higher thresholds were considered.
Our observed neutropenia duration is, therefore, probably underestimated in many patients but we believe that our categorization remains pertinent, as we do not expect the length of the non-documented neutropenia to be dependent on the chemotherapy regimen. Our work is, therefore, only a first step (7) DOC-FTI (10) CPA-5FU-EPI (10) ADR (5) CDDP-5FU (9) BLE-CDDP-VP16 (3) VNB (3) CDDP-VP16 (7) CBDDP-CDDP-IFO (2) MTX (2) CPA-EPI (6) CDDP-GEM-IFO (2) CDDP (2) MMC-MEL (4) 5FU-MTX-BEN (1) CPT11 (1) CBDDP-5FU (3) CBDDP-CDDP-GEM (1) RAL (1) CDDP-PAC (3) CDDP-5FU-DOC (1) TOP (1) to looking at the association between chemotherapy and neutropenia duration, and further studies are certainly required to obtain a tool that might be of true practical importance. Ideally, we should have prospectively registered chemotherapy cycles and not febrile neutropenic episodes and should have required blood samples to be taken every 2 days even in absence of fever development. In practice, such an ideal situation cannot be targeted for obvious ethical reasons. Better documentation could be reached for hematological patients who are more frequently hospitalized but we did not choose this patient population for our study since we preferred to have data on neutropenia induced by chemotherapy without interaction with the underlying disease.
A significant impact of the chemotherapy regimen on the CIN appears to be adequately described by the dichotomized S2 score; it allows a simple categorization of the score into two groups: low score (<8) and high score ( ‡8). Such a discriminant score allowed the selection of a patient group with a high score for whom the median duration of CIN lasted two more additional days prior to hematological recovery to ANC ‡0.5 · 10 9 /l (4 days versus 6 days, P = 0.03) and ‡1.0 · 10 9 /l (6 days versus 8 days, P = 0.01) (Figures 1, 2 ). Distribution and details of the chemotherapy regimens following the chemotherapy score is shown in Tables 7 and 8 . Moreover, we could identify factors related to a high score, including underlying tumour (P = 0.04), treatment setting (P < 0.001) and administration of CSF (P = 0.09).
We studied a population of patients treated exclusively for solid tumors, so that we could have a homogeneous group. Moreover, these patients represented a population for whom there are still many controversies about the potential indications of preventive measures for the management of FN, after a prolonged period of CIN, compared with hematological malignancies. As far as complications from a febrile neutropenic episode are concerned, further investigations and, in particular, the MASCC ongoing survey, will inform us about the pertinence of this classification in a more general and multifactorial context and also when applied to patients with hematological tumors for whom larger differences in time to neutropenia recovery can be expected.
In conclusion, the duration of neutropenia is directly influenced by the aggressiveness of the chemotherapy regimen. In this retrospective study, we were able to identify a group of patients who needed two more additional days to recover from grade 3 and grade 4 neutropenia, based on the degree of aggressiveness of the cytotoxic agents used.
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